One of the unsolved problems in the application of nanoparticle arrays is how to precisely control their macroscopic properties based on the microscopic properties of their basic component-the individual nanoparticle. Thus it is highly desirable to fabricate arrays of perfect iso-nanoparticles, which are defined as particles of the same size, structure, and ambient condition. Here we show that ordered semiconductor (indium oxide) single-crystal nanoparticle arrays can be obtained by oxidation of arrayed metal (indium) nanoparticles. The arrayed semiconductor nanoparticles have similar size, shape, crystalline structure and orientation, and ambient condition. Our work is a step closer towards the goal of achieving iso-nanoparticle arrays.
Introduction
Large-scale semiconductor nanoparticle arrays on substrates have attracted growing interest due to their utilization in nanoscale devices, such as microelectronics, optoelectronics, and sensing devices [1] [2] [3] [4] . It is highly desirable to control the properties of the nanoparticle array based on the integration of the properties of the individual nanoparticle. However, this is difficult to achieve since the structures and ambient conditions (surrounding nanoparticles) of the arrayed nanoparticles are usually different from each other. A good way to realize these is the fabrication of large-scale nanoparticle arrays composed of iso-nanoparticles, which means that all the arrayed nanoparticles are the same, both in terms of the structure and the ambient condition. A good candidate to this end is highly ordered arrays of highly oriented singlecrystal nanoparticles. The high regularity of the arrays gives rise to the similar size, shape and ambient condition of the nanoparticles while the highly oriented single-crystal nature of the nanoparticles results in the similar crystalline structure of all nanoparticles.
There are several methods for producing nanoparticle arrays on substrates, including in particular electron beam lithography (EBL) [5] [6] [7] , nanoimprint [8] [9] [10] , and selfassembly processes [11, 12] . Usually it is hard to obtain highly oriented single-crystal nanoparticle arrays using these methods. Recently, through the use of alumina membranes as evaporation masks, large-scale ordered nanoparticle arrays were fabricated [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The process involves the successful transfer of the regularity of the porous alumina into the nanoparticle array.
The sizes and the shapes of the nanoparticles can be adjusted by changing the parameters of the alumina masks and the evaporation processes [22] . However, due to the greater difficulty in the evaporation of semiconductors than that of metals, highly oriented semiconductor single-crystal nanoparticle arrays have not yet been fabricated using the method.
Here we report that, using a three-step oxidation process, ordered indium oxide (In 2 O 3 ) nanoparticle arrays on silicon substrates were fabricated from indium (In) nanoparticle arrays. Each In 2 O 3 nanoparticle is a single crystal and almost all nanoparticles are oriented in a similar lattice direction, which means a high degree of orientational order of the arrayed nanoparticles. The controlled oxidation during a three-step temperature-time profile, which gives rise to a core-shell structure of the In/In 2 O 3 , is crucial for the transformation from the In nanoparticles to the In 2 O 3 single-crystal nanoparticles. The size of the monodisperse nanoparticles can be adjusted from about 10 to 200 nm.
As a well known transparent conducting oxide [23] , indium oxide (In 2 O 3 ) has been widely employed in solar cells [24] , flat-panel displays [25] , architectural glasses [26] and organic light-emitting diodes [27] . Moreover, In 2 O 3 films have been demonstrated to work as ultra-sensitive toxic-gas detectors [28] . Very importantly, it has been reported that the gas sensing ability of In 2 O 3 particles increased significantly by decreasing the particle size [29] . Therefore, the nanometre size of the In 2 O 3 particles in this paper is expected to result in enhanced sensitivity as gas sensors. Additionally, the high regularity of In 2 O 3 nanoparticle arrays, especially in the form of single-crystal nanoparticles, may offer much better controllability to the optical properties of the In 2 O 3 in the above-mentioned applications.
Experimental details
The entire fabrication process consists of three parts. The first part is the preparation of ultra-thin alumina masks (UTAMs) on the surface of Si substrates. The second part is the thermal evaporation of the In nanoparticle arrays and the removal of the UTAMs. The details of the fabrication of UTAMs, the thermal evaporation of metal, and the removal of the UTAMs can be found in our previous work [22] . Figure 1(a) shows this array on a Si wafer (with a thin SiO 2 surface layer), where part of the UTAM is left behind intentionally to show the whole structure of the UTAM/nanoparticles/substrate. The diameter distribution of the arrayed In nanoparticles is highly monodisperse. The pore diameters of the UTAMs can be adjusted from about 10 to 200 nm to yield In nanoparticles of corresponding size. The area of the UTAM is several square centimetres with our current set-up and can be as large as several tens of square centimetres.
The third part of the fabrication process is the oxidation of In nanoparticles to In 2 O 3 nanoparticles. For low meltingpoint metals like In, a conventional oxidation process with a relatively fast temperature increment will cause the granulation of the metal film or the agglomeration of the metal nanoparticles [30] [31] [32] . Usually it is impossible for the metal to keep the original shape after the oxidation. In the case of dense particles on substrates, neighbouring molten In particles will migrate along the surface and agglomerate into large blocks of In. All these will destroy the high regularity of the nanoparticles during the oxidation process in our case. Here we used a three-step oxidation process to realize the transformation of In nanoparticles to In 2 O 3 nanoparticles: in the first step, the temperature was increased to 146
• C, which is around the melting point of the In nanoparticles (for In nanoparticles with diameters of several tens of nanometres, the melting point is about 10
• C lower than the melting point of bulk In (156.61
• C)) [33] , and held at 146
• C for 1 h (the preheating process). In the second step, the temperature ramp process, the temperature was ramped to 800
• C at a rate of 10
• C min −1 ; this process took about 1 h. The third step (the final oxidation process) is holding the temperature at 800
• C for 2 h to complete the oxidation. The whole process, including the initial heating to 146
• C, was performed in a tube furnace with a constant flow of oxygen at atmospheric pressure.
The SEM images were obtained using a field-emission scanning electron microscope (Philips XL-30 FEG). X-ray diffraction patterns were captured by a general area detector diffraction system, which was equipped with a high sensitive area detector (HI-STAR) that is especially suitable for those samples with texture and small quantity. High resolution transmission electron microscopy (HRTEM) measurements were carried out on the CM300FEG instrument (with a 300 kV high voltage and field emission gun) and a JEOL3010 instrument (with a 300 kV high voltage). 
Results and discussion
Figure 1(b) shows the oxidized nanoparticle arrays. It clearly shows that there is no obvious change of the nanoparticle arrays after oxidation: the monodisperse nanoparticles are arrayed on the substrate with high regularity. Because figures 1(a) and (b) are not obtained exactly from the same area, we performed a 'simulated in situ SEM measurement' (figure 2), where the same area was investigated before (figure 2(a)) and after the oxidation (figure 2(b)). Figures 2(a) and (b) are captured in exactly the same area of the same sample. Normally, due to the overlap of the two anodization processes, pore arrays on the edge of the alumina mask are not very regular, resulting in In nanoparticle arrays with many defects (figure 2(a)). In the SEM measurement, we intentionally selected this defect area in the In nanoparticle sample so that we can locate the same area in the In 2 O 3 nanoparticle sample (figure 2(b)) by using the defects as the locating spots. The whole in situ process is the following. First, we selected the area and captured the image (figure 2(a)). Then we zoomed out to 25% and captured another image. We repeated the same zoom-out and image-capture operation (usually six times) till we went into the millimetre region. After the In nanoparticle sample had been heat-treated and changed to an In 2 O 3 nanoparticle sample, we used the images captured on the In sample to locate the same area (figure 2(b)) in the In 2 O 3 sample by zooming in 400% also six times. Three representative defects, used in registering and identifying similar areas in the two images, are shown arrowed in white. Clearly, it can be seen that there is no obvious change of the nanoparticles and their array regularity after oxidation 6 . In particular, there is almost no agglomeration in the oxidation process (only four In particles in the small square in figure 2(a) melted into a large In 2 O 3 particle in figure 2(b) ). We have applied the same three-step oxidation process to tin (Sn) and zinc (Zn) nanoparticle arrays and successfully obtained ordered SnO 2 and ZnO nanoparticle arrays. This implies that the process can be applied more generally to other metals in fabricating ordered metal oxide nanoparticle arrays.
XRD measurement (figure 3) confirms that the In nanoparticles (indexed as tetragonal In, space group (SG) I 4/mmm (139) [30] [31] [32] . This preferred orientation was revealed by the intensity ratio differences among the XRD peaks and is considered as a natural result of the thermal evaporation process of indium [30] [31] [32] . In our case, only one or two peaks appear (for In (101) and for In 2 O 3 (222) and (211)) in the XRD spectra, which is different from the multi-peaked XRD spectra of the thermal-evaporated films in [28] [29] [30] . This indicates a higher degree of orientational order of the nanoparticles in our case, which may be related to the ordered channels of the UTAMs, that add a spatial confinement to the evaporation process and lead to a single growth orientation of the nanoparticles. Detailed cross-sectional HRTEM measurement and analyses confirm the highly oriented structures of the In and In 2 O 3 nanoparticles. Figure 4 shows the microstructure analysis of an In nanoparticle. The substrate for this sample is n-type (001) Si covered with a 2 nm thick SiO 2 layer. Figure 4 (a) is a cross-sectional HRTEM image of an In nanoparticle. It can be seen that the lattice directions are almost the same in each part of the particle, indicating the singlecrystal nature of the In nanoparticle. However, there are some lattice intensity distributions, especially in the inner parts of the In nanoparticles, suggesting the presence of regions with slight misorientations giving rise to a Moiré-like pattern. We performed Fourier transformation (figures 4(b) and (c)) and Fourier image filtering (figures 4(d) and (e)) of the squared areas (b) and (c) in figure 4(a) , which are in the In particle and the Si substrate respectively. To study the relative orientation relationship between In and Si, we performed the simulation of electron diffraction patterns along the [111] direction of In (sys tetragonal, SG I 4/mmm (139)) (figure 4(f)) and the [110] direction of Si ( figure 4(g) ). Both of the simulated patterns have been rotated to fit the patterns in figures 4(b) and (c). The surface normal of the Si(100) substrate is defined by the arrow in figure 4(g) . We moved the arrow to figure 4(f) and found that the In[101] direction has almost the same direction as the surface normal of Si, which indicates that the In(101) plane (the white parallel lines in figure 4(d) ) is almost parallel to the Si(002) plane (the black parallel lines in figure 4(e) ). The lattice distance ratio of In(101) to Si(002) is about unity figure 4 (a) is shown in figure 4(b 1 ). It shows that there is only a very small relative rotation angle between region b and b 1 . This further confirms that the In nanoparticle is a defect-containing but highly crystallized particle, in other words an imperfect single crystal.
We also performed similar HRTEM analysis on the In 2 O 3 nanoparticles (figure 5). It is found that the In 2 O 3 nanoparticles are single-crystal nanoparticles ( figure 5(a) ). It can be seen that the lattice directions are the same in each part of the particle, and there are no visible defects or variation in the lattice orientation. The highly crystalline nature can also be seen in the Fourier transformation pattern shown in figure 5(b) . In contrast to the smooth surface of the In nanoparticle ( figure 4(a 1 ) ), the In 2 O 3 nanoparticle is facetted. The thicker SiO 2 layer of about 5 nm thickness in figure 5(a) , as compared to the 2 nm thickness of the SiO 2 layer in figure 4(a) , is the natural result of the oxidation process. We performed the same HRTEM microstructure analysis on other In 2 O 3 nanoparticles (see figure 6 for the microstructures of another In 2 O 3 nanoparticle which is similar to the results in figure 5) Figure 7(a) is the cross-sectional HRTEM image of an intermediate nanoparticle in the sample after the preheating process, but before the temperature ramp process. We found that, at this stage, the particles have a metal core covered by an oxide shell. XRD measurement in figure 7 (b) confirmed that the particle is composed of In 2 O 3 and In. The outer shell is In 2 O 3 , as confirmed by the lattice distance measurement, with a thickness of 5-6 nm. We also found that, after the temperature ramp process from 146 to 800
• C, the thickness of the oxide shell grows from about 5-6 nm to about 16 nm. This indicates that, at the beginning of the preheating process, an oxide shell is formed at the surface of the In particle. As the oxidation progresses, the inner In reacts with the oxygen at the core-shell interface, thickens the shell gradually, and finally results in the In 2 O 3 particle.
A reasonable growth mechanism of the In 2 O 3 singlecrystal nanoparticles is described as follows. At the beginning of the oxidation, there is a thin oxide shell formed on the surface of the In nanoparticle. In the preheating process, the partially melted inner In core (146
• C is around the melting point of the nanometre-sized In particle) [33] is oxidized at the coreshell interface by the diffused oxygen from the outer surface of the shell, thus thickening the shell gradually. Because the temperature is just around the melting point of In, the growth rate of the oxide shell is quite small, about 5-6 nm h −1 . This slowly formed shell is extremely crucial to the formation of In 2 O 3 nanoparticles. For the conventional single-step oxidation process, it is usually impossible to form a stable shell at the surface since the melted In will 'bump into' and break any newly formed oxide shell. In our case, after the preheating step, a relatively thick and stable oxide shell has been formed before the sample undergoes subsequent higher temperature processes. This is the reason why this three-step oxidation process can realize the transformation of In nanoparticles to In 2 O 3 nanoparticles. In the following temperature ramp and final oxidation process, the melted inner In core will be further oxidized, with a much higher transformation rate, at the coreshell interface until a single-crystal In 2 O 3 particle is formed.
As indicated above, for both In and In 2 O 3 nanoparticles, the In(101) planes and the In 2 O 3 (222) planes are approximately parallel to the Si(002) plane. However, because there is an amorphous SiO 2 layer on the top of the (001) Si wafer, the crystalline growth direction of the In nanoparticles should have no relation with the Si(001) plane but with the surface plane of the SiO 2 /Si substrate. The (101) plane of the thermally evaporated In is actually parallel to the surface plane of the substrates (SiO 2 ), which is approximately parallel to the Si(001) plane. This (101) preferred orientation of the In nanoparticles, as mentioned above, is the natural result of the thermal evaporation of indium on amorphous-surfaced substrates [30] [31] [32] . In fact, similar observations, i.e. a preferred growth orientation of separately nucleating materials on amorphous substrates, has been reported [34] . This behaviour could be related to so-called 'two-dimensional nucleation and layered growth', where nucleation rate and growth rate for different orientations of the lattice of the deposited materials show large differences. Additionally, the surface free energy of different planes with any substrate, including amorphous ones, might be strongly different. Such a situation would favour the selection of the nucleating plane with lowest interface free energy. Thus, growth would commence in the direction perpendicular to that plane for a large fraction of the particles, resulting in a high degree of orientational ordering. Moreover, the (111) preferred orientation of the In 2 O 3 nanoparticles should originate from the (101) preferred orientation of the In nanoparticles.
It should be mentioned that the pore arrangement of UTAMs is usually far from an ideally packed hexagonal columnar array over a sizable region of, say, millimetre dimensions. The defect-free areas of the pore arrays are typically several square micrometres. Thus, the regularity of the metal nanoparticle array, and the resultant metal oxide array, is not entirely perfect as this is dependent on the regularity of the alumina membrane pore array used as the evaporation mask. However, by increasing the anodization time [35] or using a pretextured process [36] [37] [38] , longrange-ordered pore arrays can be obtained with quite a large defect-free area, even of the order of several square millimetres [36] [37] [38] . Thus, an ideally regular metal oxide nanoparticle array, with a reasonably large defect-free area, could potentially be obtained by using an alumina membrane as the evaporation mask.
Conclusion
In summary, we report the first fabrication of ordered arrays of 
